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We consider the quantum and classical dissociation dynamics of heteronuclear diatomic molecules 
induced by infrared laser pulses. The ﬁeld–molecule interaction is given by the product of the time-
dependent electric ﬁeld and the molecule permanent dipole. We investigate the inﬂuence of the dipole 
function in molecular dissociation. We show that the dissociation can be suppressed at certain external 
ﬁeld frequencies for a nonlinear and ﬁnite-range dipole function. The correspondence between quantum 
and classical results is established by relating classical Fourier amplitudes to discrete–continuum 
quantum matrix elements.
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In the Born–Oppenheimer approximation, the dipole moment 
of the charge distribution of a diatomic molecule is represented 
by a function of the internuclear distance, the so-called perma-
nent dipole function [1]. In this formulation, the interaction of a 
heteronuclear diatomic molecule with an infrared laser ﬁeld can 
be expressed by the product of a time-dependent electric ﬁeld 
with the dipole function of the molecule [2]. The laser-induced dy-
namics consequently depends on both the external ﬁeld and the 
dipole. The manipulation of the dipole function has been recently 
considered as a means to control the quantum dynamics of molec-
ular systems [3,4]. Therefore, from a fundamental perspective, it 
is important to gain physical insights into effects the position-
dependent part of the dipole interaction.
The driven Morse oscillator is an example of useful model 
system that has been often applied to the study of the disso-
ciation of diatomic molecules by infrared laser ﬁelds [5–8]. The 
quantum energy spectrum of the Morse potential has a nonlin-
ear discrete part and an unbound continuum region. The induced 
transition from discrete levels to the continuum accounts for the 
molecular dissociation by lasers. In the classical mechanics frame-
work, the transition from the bound to the unbound region occurs 
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0375-9601/© 2014 Elsevier B.V. All rights reserved.through chaotic routes, resulting from the destruction of invari-
ant Kolmogorov–Arnold–Moser (KAM) tori in phase-space [9–12]. 
The correspondence between quantum and classical dynamics is 
an issue of profound relevance in atomic and molecular physics. 
Accordingly, several quantum–classical comparisons have been per-
formed within the Morse model [13–19]. It is generally agreed that 
quantum and classical results exhibit some concordance if the sys-
tem is far from resonant multiphoton transitions.
The majority of works on the Morse model have considered a 
linear approximation to the dipole function, which is valid near 
the equilibrium internuclear distance. Nevertheless, the permanent 
dipole functions of diatomic molecules usually present conspicuous 
nonlinear behavior [20–23]. For instance, in order to describe dis-
sociation into neutral fragments, the dipole function must asymp-
totically vanish for increasing internuclear distance. Few prior 
works have investigated the speciﬁc role of the dipole function in 
the classical driven Morse oscillator [24]. It has been shown that 
a dipole function with oscillatory behavior can inﬂuence the split-
ting of the separatrix and, consequently, the dissociation dynamics 
[25]. More recently, the role of the spatial range of the dipole func-
tion has been investigated [26]. It was found that the observed 
inhibition of the dissociation for certain frequencies is related to 
the ﬁnite spatial range of the dipole. This inhibition has been 
explained through the analysis of Fourier components associated 
with nonlinear resonances and raised the question of whether such 
phenomenon can also be observed in the quantum counterpart. 
As it is well-known from the Heisenberg correspondence principle, 
classical Fourier components can approximate quantum matrix el-
ements [27–30]. However, prior works have found poor agreement 
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matrix elements for realistic dipole functions [31].
The goal of this work is to investigate the inﬂuence of the per-
manent dipole in molecular dissociation. In order to meet this 
aim, the driven Morse oscillator is modeled with a dipole func-
tion possessing an adjustable parameter that control the dipole 
spatial range. Such convenient dipole function permits approxi-
mating realistic dipoles, while also allowing for the control of 
the departure from the linear behavior. Both quantum and classi-
cal calculations are performed and the corresponding dissociation 
probabilities are compared. In addition, a connection between clas-
sical Fourier amplitudes and discrete–continuum quantum matrix 
elements is achieved based on the dynamical aspects of the sys-
tem. Finally, the inhibition of dissociation is discussed when ab 
initio internuclear potential and dipole functions as well as rota-
tions are considered in the problem.
In order to solve the Schrödinger equation for the Morse model, 
one has to deal with the continuum part of the energy spectrum. 
The usual expansion of the wavefunction in the stationary states of 
the unperturbed Hamiltonian leads to a system of coupled integral-
differential equations for the expansion coeﬃcients, whose direct 
solution is diﬃcult to achieve. However, the problem can be trans-
formed to a set of coupled differential equations, e.g., by using a 
grid of points in the position representation [32,33] or by a di-
rect discretization of the energy continuum [34,35]. Here, we adopt 
an alternative discretization of the continuum using a set of ap-
propriately chosen functions related to the generalized Laguerre 
polynomials [36]. Combining this technique with the second order 
split-operator method for time propagation [37] renders an eﬃ-
cient numerical algorithm to solve the equations of motion taking 
advantage of the analytical forms of the quantum matrix elements.
2. Model
Consider the dissociation of a heteronuclear diatomic molecule 
induced by an infrared (IR) linearly-polarized laser ﬁeld. A two-
step experiment is envisaged in which in the ﬁrst step the 
molecule is prepared in an oriented state [38,39], and in the 
second step, the IR laser ﬁeld induces the dissociation of the pre-
aligned molecule. We are concerned here only with the second 
step. The initial state is assumed to be a given quantum vibra-
tional bound state with zero angular momentum j = 0. We assume 
that the transitions from the initial bound state to the dissociative 
continuum occurs in a short timescale, such that no signiﬁcant 
rotational excitation occurs. In this circumstance, we neglect the 
centrifugal potential term h¯2 j( j + 1)/2Mr2 in the Hamiltonian and 
consider that the molecule is constrained to be perfectly aligned 
along the linearly polarized laser electric ﬁeld. We also assume 
no electronic excitation to take place during the dissociation pro-
cess. These assumptions reduce the calculations to a single degree 
of freedom (the vibrational motion) allowing a better focus in the 
quantum–classical correspondence of the role of the permanent 
dipole function.
The Hamiltonian of the relative motion of the nuclei can be 
written as H(r, p, t) = H0(r, p) + H1(r, t), where r is the internu-
clear distance and p the conjugate linear momentum. The Hamilto-
nian H0 accounts for the non-perturbed molecule dynamics, with 
the interatomic potential given by the Morse potential,
H0(r, p) = p
2
2M
+ De
[
e−2α(r−re) − 2e−α(r−re)], (1)
where M is the molecule reduced mass, De is the classical disso-
ciation energy, α−1 the potential range and re is the equilibrium 
distance. The choice of the Morse potential is convenient for the 
subsequent calculations due to fact that (i) its quantum matrix el-
ements for several functional forms of the dipole can be expressed by analytical formulas and (ii) closed formulas for the transfor-
mation from the canonical variables to action-angle variables are 
known. Moreover, the Morse potential provides a very reason-
able approximation for the internuclear potential of the electronic 
ground state of some diatomic molecules, such as HF, HCl, HI, HBr, 
NO and OH [40–42].
The Hamiltonian H1(r, t) accounts for the molecule-ﬁeld inter-
action and it is written in the dipole approximation as
H1 = −μ(r)ε(t), (2)
where ε(t) is the laser electric ﬁeld given by a pulse ε(t) =
ε0 sin(ωt), acting from t = 0 to a ﬁnal time t = T , with carrier 
frequency ω and amplitude ε0.
The following analytical form is chosen for the dipole function 
μ(r),
μ(r) ≡ μ(r, rd) = qre−r/rd , (3)
where q is the effective dipole charge and rd controls the spatial 
range of the dipole interaction. This functional form can describe 
semiquantitatively the permanent dipole function of several di-
atomic molecules. For instance, the value of the rd parameter for 
OH, HCl and HF can be estimated to be 3.9, 4.9 and 4.4 atomic 
units (au), respectively [22]. Additionally, a linear dipole func-
tion is obtained as rd → ∞. Since we are focusing on the role 
of the dipole, the molecular parameters are held ﬁxed in both 
quantum and classical approaches and are given in atomic units 
by De = 0.1994, α = 1.19, re = 1.82, M = 1728.5 and q = 1.6. 
These parameters have been used in several prior works and cor-
respond to the OH molecule [2,5]. In both quantum an classical 
calculations, the duration of the external ﬁeld has been set to 
T = 0.5 ps ≈ 20678 au.
3. Quantum framework
The discrete energy levels of the free Morse oscillator are given 
by Eν = −(h¯2α2)(ζ − ν)2/(2M), where ζ = √2MDe/(h¯α) − 1/2
and ν is an integer ranging from zero to the largest integer part 
of ζ . The eigenfunctions associated with the time-independent 
Schrödinger equation H0|φν〉 = Eν |φν〉 are normalized according 
to 〈φν ′ |φν〉 = δν,ν ′ . The energy in the continuum part of the spec-
trum can be expressed as E(κ) = (h¯2α2)κ2/(2M), where κ ranges 
from zero to inﬁnity. The corresponding eigenfunctions |φ(κ)〉, as-
sociated with H0|φ(κ)〉 = E(κ)|φ(κ)〉, are normalized according to 
〈φ(κ ′)|φ(κ)〉 = δ(κ − κ ′).
The time-dependent Schrödinger equation has been solved by 
the Morse–Laguerre technique (for additional details see Ref. [36]). 
The technique consists of expanding the wavefunction in a basis 
composed by the Morse discrete eigenfunctions along with a set of 
functions obtained by the discretization of the Morse continuum 
eigenfunctions. The wavefunction can be expressed as
∣∣ψ(t)〉= nmax∑
n=1
an(t)|φn−1〉 +
∞∑
m=1
bm(t)|φ˜m〉, (4)
where nmax = νmax + 1 and the kets |φ˜m〉 are deﬁned by
|φ˜m〉 =
∞∫
0
Lm(κ)
∣∣φ(κ)〉dκ. (5)
The complete, inﬁnite set of orthonormal functions in the interval 
κ ∈ [0, ∞), {Lm(κ)}, m = 1, 2, . . . , ∞, are deﬁned in terms of the 
generalized Laguerre polynomials Lλm−1 as
Lm(κ) = Nm−1(λ)κλ/2e−κλ/2Lλ (λκ), (6)m−1
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factor and λ is a positive adjustable parameter.
After truncating the maximum number of unbound levels to 
m = mmax, substitution of the expansion in Eq. (4) into the time-
dependent Schrödinger equation yields the following matrix equa-
tion
ih¯
d
dt
∣∣Ψ (t)〉= [H0 −με(t)]∣∣Ψ (t)〉 (7)
where the time-dependent state |Ψ (t)〉 is a column vector com-
posed of the expansion coeﬃcients an and bm . The unperturbed 
Hamiltonian can be written as a direct sum of two other matri-
ces, H0 = HB ⊕ HU, where HB is a nmax × nmax diagonal matrix 
containing the bound eigenenergies, such that (HB)ii = Ei−1. HU is 
a mmax × mmax matrix whose elements (HU)i j have been derived 
analytically in Ref. [36]. The dipole matrix μ contains the discrete–
discrete matrix elements 〈φν ′ |μ|φν〉 and also the expansion of the 
discrete–continuum 〈φν |μ|φ(κ)〉 and continuum–continuum ma-
trix elements 〈φ(κ ′)|μ|φ(κ)〉 in the Morse–Laguerre basis. Analyt-
ical formulas for the matrix elements between Morse eigenstates 
have been derived in the literature [36,43], allowing the above 
dipole couplings in the Morse–Laguerre basis to be readily calcu-
lated numerically.
In order to solve Eq. (7), the corresponding propagator U (t, 0)
is written in terms of a sequence of propagators U (t+t, t) over a 
short time step t . Each short-time propagator is in turn approxi-
mated by the second order split-operator expression [37],
U (t + t, t) ≈ e−iH0t/2h¯eiμε(t)t/h¯e−iH0t/2h¯, (8)
leading to the evolution of the state |Ψ (t + t)〉 =
U (t + t, t)|Ψ (t)〉. In order to determine the total dissociation 
probability PD for the system starting in a given bound level Eν , 
we simply calculate PD = 1 − ∑νmaxν=0 |aν(T )|2. For the numerical 
calculations, we have set mmax = 400 and λ = 40.58.
4. Classical framework
In the absence of external interactions, a classical particle in the 
Morse potential with energy E such that −De < E < 0 oscillates 
in the bound part of the well; whereas the motion of a particle 
with E > 0 is not conﬁned to a ﬁnite region in space and the par-
ticle escapes to inﬁnity. These two kinds of motion are divided 
by a separatrix at E = 0. In analogy with the quantum mechan-
ics, a classical dissociation probability P clD may also be deﬁned 
[14,25,26]. To this end, we write the canonical variables (r, p) in 
terms of action-angle variables (θ, I) [44],
r = α−1 ln
[
1+√1− (1− I/I0)2 cos(θ)
(1− I/I0)2
]
+ re, (9)
p =√2MDe (1− I/I0)
√
1− (1− I/I0)2 sin(θ)
1+√1− (1− I/I0)2 cos(θ) , (10)
with I0 = √2MDe/α. This transformation is valid as long as the 
trajectory is in the bound part of the well, i.e., E < 0 or equiv-
alently, I < I0. The free molecule Hamiltonian is then written in 
terms of the action variable only as H0(I) = −De(1 − I/I0)2.
In order to calculate the dissociation probability, a large number 
of trajectories, Ntraj, is propagated according to Hamilton’s equa-
tions of motion. The ensemble of initial conditions is uniformly 
distributed over the angle variable θ ∈ [−π, π ] in the same en-
ergy shell in phase space, which is chosen to correspond to a 
given quantum bound energy level Eν . The classical dissociation 
probability P clD is calculated by counting the number nesc of escap-
ing trajectories for which the energy is greater than the separatrix 
energy by the end of the external excitation and calculating the fraction P clD = nesc/Ntraj. For the numerical calculations, the num-
ber of trajectories was Ntraj = 103.
Important information about the dynamics can be gained ana-
lyzing the motion near an isolated non-linear resonance. In order 
to perform this analysis, the total Hamiltonian is written in terms 
of the action-angle variables and the dipole function is expanded 
in Fourier series in θ yielding
H(θ, I, t) = H0(I) − 1
2
ε0
∞∑
n=0
Vn(I)
[
sin(ωt − nθ)
+ sin(ωt + nθ)], (11)
where the Fourier coeﬃcients Vn(I) are given by
V0(I) = 1
π
π∫
0
μ(θ, I)dθ,
Vn(I) = 2
π
π∫
0
μ(θ, I) cos(nθ)dθ, n = 1,2, . . . . (12)
In the framework of perturbation theory [45], the most relevant 
terms in this expansion are those which satisfy the resonance con-
dition, ω = nΩ(I) = nΩ0(1 − I/I0), where Ω0 = α√2De/M is the 
frequency of small oscillations, n is an integer and Ω(I) = ∂H0/∂ I
is the frequency of the unperturbed motion. If the system is ini-
tially in the vicinity of a nth-resonance, we may neglect fast oscil-
latory terms and reduce the inﬁnite summation in Eq. (11) to a sin-
gle term containing Vn(I). According to the Chirikov picture [45], 
the onset of the chaotic dissociation is triggered by the overlap 
of neighboring resonance islands, while the width of a resonance 
island is proportional to the square root of ε0|Vn(I)|. Thus, the 
magnitudes of the Fourier coeﬃcients play a decisive role in the 
dissociation process. In particular, if the Fourier coeﬃcient associ-
ated to the given resonance is null, no dissociation is expected.
5. Results and discussions
For the chosen molecular parameter, the Morse potential con-
tains 22 bound vibrational energy levels, i.e., ν = 0, 1, . . . , 21. Since 
highly-excited states are less localized than low-lying levels, the 
system is more susceptible to spatial changes of the dipole func-
tion if initially prepared in highly excited states. When the sys-
tem is initially in low-lying levels, the dissociation usually occurs 
via multiphoton processes, requiring high laser intensities to ac-
complish dissociation, which may in turn open additional ioniza-
tion/electronic-excitation channels. Avoiding these diﬃculties, we 
consider the system initially prepared in a given excited vibrational 
level, such that direct one-photon transition to the continuum in-
duced by an infrared laser can take place.
To a ﬁrst approximation, the dissociation probability between 
κ and κ + dκ is proportional to the square modulus of the 
discrete–continuum matrix elements, 〈φν |μ|φ(κ)〉. The energy of 
one-photon corresponding to the gap between the initial state Eν
and the ﬁnal continuum state E(κ) is given by the transition en-
ergy E(κ) − Eν = h¯ω. Fig. 1 shows the absolute values of some se-
lected discrete–continuum matrix elements 〈φν |μ|φ(κ)〉 as a func-
tion of the dipole range parameter rd and the transition energy for 
several bound energy levels (1 cm−1 ≈ 4.55 ×10−6 au). Each panel 
corresponds to a bound level: (a) ν = 20, (b) ν = 17, (c) ν = 13
and (d) ν = 8. It is remarkable in these panels that there exist re-
gions where the matrix element approaches zero for some values 
of rd and transition energies, as revealed by the white regions in 
the plots. This means that there exist selection rules preventing the 
dissociation at certain frequencies, which depend on the associated 
2660 E.F. de Lima et al. / Physics Letters A 378 (2014) 2657–2663Fig. 1. Absolute value of discrete–continuum matrix elements 〈φν |μ|φ(κ)〉 as a function of the dipole range rd and the bound–free transition energy E(κ) − Eν . (a) ν = 20, 
(b) ν = 17, (c) ν = 13 and (d) ν = 8.
Fig. 2. Quantum and classical dissociation probabilities as a function of the external ﬁeld frequency. In panel (a) the initial energy is E20 = −224 cm−1, rd = 4.2 au and 
ε0 = 30 MVcm−1; (b) E17 = −1884 cm−1, rd = 2.4 au, ε0 = 150 MVcm−1; (c) E13 = −6607 cm−1, rd = 1.325 au, ε0 = 1.0 GVcm−1; (d) E8 = −16551 cm−1, rd = 0.74 au, 
ε0 = 3.0 GVcm−1.dipole range rd . Furthermore, we note that as rd increases, i.e., as 
the dipole becomes linear over an increasing spatial range, the se-
lection rule is no longer observed. It is also apparent from these 
panels that for the deeper bound levels the effects of the spatial 
modiﬁcation of the dipole are less prominent: the null regions are 
only found for very small values of rd . It should be noted that 
the overall scaling of the matrix elements with the dipole range is 
quite similar to the one of the Fourier coeﬃcients associated with 
the nonlinear resonances observed in a prior work [26].
Fig. 2 shows the quantum and the classical dissociation prob-
abilities as a function of the frequency of the external ﬁeld for some values of rd . These values of the dipole range have been se-
lected based on Fig. 1 in order to meet the dissociation selection 
rules. In panels (a), (b), (c) and (d) the initial energy corresponds 
to the ν = 20, ν = 17, ν = 13 and ν = 8 vibrational levels, re-
spectively. In panels (a), (b) and (c), it can be perceived a dip 
in the dissociation probability for ω ≈ 480 cm−1, ω ≈ 2100 cm−1
and ω ≈ 8000 cm−1. These values correspond to the ones in Fig. 1
where the quantum matrix elements is null. In addition, note that 
although the classical dissociation probabilities usually overesti-
mate the quantum ones, for each value of rd , P cl is still able to D
E.F. de Lima et al. / Physics Letters A 378 (2014) 2657–2663 2661Fig. 3. Absolute values of the quantum matrix elements 〈φν |μ|φ(κ)〉 (full line) along with the classical Fourier component βν(κn)Vn(Iν ) (dots) as a function of the dipole 
range (see Eqs. (14) and (15)). (a) ν = 20, n = 2, κ2 = 1.95; (b) ν = 17, n = 3, κ3 = 2.55; (c) ν = 13, n = 5, κ5 = 3.49; (d) ν = 8, n = 7, κ7 = 2.38.reproduce the decrease in PD and the corresponding shift of this 
dip for different values of rd and ν .
If the system is suﬃciently close to a nonlinear resonance, the 
following condition is satisﬁed for some integer n and unbound 
quantum number κn ,
h¯ω = E(κn) − Eν = nΩ(Iν), (13)
where Iν is the classical action corresponding to the energy level 
Eν , which can be obtained through the usual semiclassical pre-
scription Iν = h¯(ν + 1/2). Substituting the values of the quantum 
energy levels E(κn), Eν and the classical unperturbed frequency 
Ω(I) in Eq. (13), we obtain the quantum number κn related to the 
nth nonlinear resonance,
κn =
[
2n(ζ − ν) − (ζ − ν)2]1/2, for n ≥ (ζ − ν)/2. (14)
A semiclassical approximation for the discrete–continuum matrix 
elements can be obtained by the following rule
〈φν |μ
∣∣φ(κn)〉≈ βν(κn)Vn(Iν). (15)
In order to determine βν(κn), we take the linear dipole limit, i.e., 
rd → ∞, μ(r, rd → ∞) ≡ μlin(r) = qr. The corresponding Fourier 
amplitude V linn (I) and the discrete–continuum matrix elements 〈φν |μlin|φ(κ)〉 ≡ μlinν (κ) are given by the following analytical for-
mulas [13,43]
V linn (I) = (−1)n+1
2
n
[
I/I0
2− I/I0
]n/2
(16)
μlinν (κ) = (−1)ν+1
|(−ζ + iκ)||(1+ ζ + iκ)|2
π [(ζ − ν)2 + κ2]
×
√
2κ sinh(2πκ)(ζ − ν)
ν!(2ζ − ν + 1) . (17)
Assuming that βν(κn) is independent of the range of the dipole 
function rd , it can be determined by the relation
βν(κn) = μlinν (κn)/V linn (Iν). (18)
Formulas (16) and (17) show that for the linear dipole, neither the 
Fourier components nor the matrix elements vanish for any ν .
In Fig. 3, some selected matrix elements 〈φν |μ|φ(κ)〉 are shown 
along with the associated Fourier components βν(κn)Vn(Iν) as a 
function of the dipole range. Panels (a) to (d) correspond to the levels ν = 20, ν = 17, ν = 13 and ν = 8, respectively. The agree-
ment of the matrix elements with the Fourier components is con-
siderably good for ν = 20, ν = 17 and ν = 13, while it breaks down 
for ν = 8. This fact is consistent with the Heisenberg principle, 
which is expected to work only if the initial and ﬁnal states are 
not too far apart. In particular, we have veriﬁed the validity of the 
semiclassical approximation (15) for ν  ζ/2.
It is worth discussing the extent of the results presented so 
far. Despite the convenience of our choices for the internuclear 
potential and for the dipole function, one may ask whether the 
suppression of dissociation for certain ﬁeld frequencies still occurs 
when one considers realistic internuclear potentials and dipole 
functions. In order to address this point, we have taken the ground 
state potential of the HF molecule from the work of Zemke et al. 
[46], having a hybrid (piecewise continuous) form, which takes 
into account experimental data and proper long-range behavior. 
The dipole function for HF is also taken from Ref. [46] and it is 
a piecewise continuous function, which is in very good agreement 
with experiment. We may associate to this dipole an effective spa-
tial range rd ≈ 4.2 au, where its amplitude drops roughly to a 
third of its maximum value. Fig. 4 shows the absolute values of 
the discrete–continuum matrix elements for ν = 20 and ν = 18
as a function of the bound–free transition energy for this poten-
tial and dipole functions. The eigenfunctions were found using a 
technique based on a spatial grid [47]. It can be noticed that the 
matrix elements is zero for particular transition energies (around 
2200 cm−1). Thus, we are led to conclude that the observed sup-
pression of dissociation for a ﬁnite-range dipole function is not 
restricted to our initial particular choices for the potential and 
dipole function.
Finally, we discuss the effects of including the rotational de-
gree of freedom in the present calculations. In this case, the un-
perturbed Hamiltonian H˜0 is given by H˜0 = − h¯22Mr ∂
2
∂r2
r + VM(r) +
V cf(r), where VM(r) is the Morse potential and V cf = h¯2 j( j +
1)/(2Mr2) is the centrifugal potential term (see, e.g., Ref. [48]). 
The interaction Hamiltonian H˜1 is given by H˜1 = −μ(r)ε(t) cos(θ), 
where θ is the angle between the electric ﬁeld polarization and 
the direction of the two nuclei. Since the laser is linearly polar-
ized, the magnetic quantum number is conserved, i.e., m = 0. 
Considering the initial states with a ﬁxed value of m, the to-
tal wave function can be expanded in terms of bound states 
φν, j(r)Ymj (θ, ϕ)/r and continuum states φ j(κ, r)Y
m
j (θ, ϕ)/r, where 
Ymj (θ, ϕ) is a spherical harmonics. The radial wave functions 
φν, j(r) and φ j(κ, r) are the solutions of the eigenvalue equation 
2662 E.F. de Lima et al. / Physics Letters A 378 (2014) 2657–2663Fig. 4. Absolute values of the quantum matrix elements 〈φν |μ|φ(κ)〉 as a function of the bound–free transition energy E(κ) − Eν calculated from an initio internuclear 
potential and dipole function of the ground state of HF molecule [46]. (a) ν = 20 and (b) ν = 18.[− h¯22M d
2
dr2
+ V cf]|φν, j〉 = Eν, j|φν, j〉, where Eν, j is the energy of 
the corresponding rotational–vibrational level (E j(κ) in the case 
of continuum states). Assuming the initial state is a given bound 
state |φν, j〉, the direct one-photon dissociation probability between 
κ and κ + dκ depends, apart from some rotational Hönl–London 
factors, on the matrix elements 〈φ j±1(κ)|μ|φν, j〉, that is, on the 
coupling between the discrete state with the continuum states 
such that  j = ±1. If the initial state is such that j = 0, then 
the relevant discrete–continuum matrix element is 〈φ1(κ)|μ|φν,0〉. 
In fact, the j = 1 continuum state suffers only a small deviation 
from the j = 0 state due to the centrifugal term. Thus, the results 
should be similar to the ones for the 1D calculations, apart from 
an small shift on the external frequency for which the inhibition 
of dissociation occurs. The impact of rotations in the dissociation 
probability will be larger for higher initial values of j. Since the 
overall dissociation probability depends on two matrix elements, 
relative to continuum states with angular momenta j′ = j ± 1, 
a decrease of the dissociation probability can occur around two 
different values of the external frequency, however, the reduction 
in the dissociation probability will be less prominent than in the 
1D case.
6. Conclusions
This paper presented an investigation of the role of the per-
manent dipole function in the laser-induced dissociation for a 1D 
driven Morse model. We have found that the form of the dipole 
function has important inﬂuence on the dissociation dynamics. 
For some values of the dipole-range parameter, the discrete–continuum matrix elements may vanish. As a consequence, the 
system does not couple to some external ﬁeld frequencies, pre-
venting dissociation. It was shown that the ﬁnite-range of the 
dipole function is an essential ingredient for this vanishing of the 
matrix elements. We have shown agreement between quantum 
and classical dissociation probabilities for highly excited states. 
This agreement is justiﬁed by the similar behavior of the quan-
tum matrix elements and Fourier amplitudes associated with the 
dissociation process. We have established a semiclassical approxi-
mation for the matrix elements that works well for highly-excited 
levels. We have also shown that the inhibition of dissociation can 
also take place when realistic internuclear and dipole functions are 
considered. Finally, we have discussed the effects of considering 
the rotational degree of freedom in the problem and reasoned that 
if states with high angular momenta are involved, the decrease 
of the dissociation probability will be less evident. The present 
work should stimulate investigations of the quantum–classical cor-
respondence for systems involving both discrete and continuum 
states and also of the role of the dipole in more complex system, 
which may include electronic excitations.
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